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ABSTRACT 

T h i s  p a p e r  r e p o r t s  on t h e  o p e r a t i o n  and r e s u l t s  o f  t h e  

doub le -p robe  DC e l e c t r i c  f i e l d  e x p e r i m e n t  on t h e  l o w  a l t i t u d e  

p o l a r  o r b i t i n g  Indun 5 s a t e l l i t e .  A t  m i d d l e  and  low 

l a t i t u d e s ,  where t h e  c o n v e c t i o n  e l e c t r i c  f i e l d  i s  g e n e r a l l y  

v e r y  smal l ,  t h e  o p e r a t i o n  o f  t h e  doub le -p robe  e l e c t r i c  f i e l d  

a n t e n n a  i s  i n v e s t i g a t e d  by compar ing  measured  e l e c t r i c  

f i e l d s  w i t h  t h e  $sx$ e l e c t r i c  f i e l d  g e n e r a t e d  by t h e  sa t -  

e l l i t e  mot ion  t h r o u g h  t h e  i o n o s p h e r e ,  E r r o r s  c a u s e d  by 

hadowe on  t h e  p r o b e s ,  w ke e f f e c t s ,  nd  a n t e n n a  

impedance v a r i a t i o n s  a r e  d i s c u s s e d .  

A t  h i g h  l a t i t u d e s  c o n v e c t i o n  e l e c t r i c  f i e l d s  g r e a t e r  

t h a n  30 mV/meter, and somet imes  g r e a t e r  t h a n  1 0 0  mV/meter, 

a r e  f r e q u e n t l y  o b s e r v e d  i n  t h e  a u r o r a l  z o n e s  A common f e a t u r e  

o f  t h e s e  h i g h  l a t i t u d e  c o n v e c t i o n  f i e l d s  i s  t h e  o c c u r r e n c e  o f  

a b r u p t  r e v e r s a l s  i n  t h e  e a s t - w e s t  c o n v e c t i o n  v e l o c i t y  a t  

a u r o r a l  zone l a t i t u d e s .  For  dusk-dawn l o c  1 t imes ,  t h e s e  r e -  

v e r s a l s  g e n e r a l l y  c o r r e s p o n d  t o  an e a s t - w e s t  f l o w  away from 

t h e  s u n  on t h e  h i g h  l a t i t u d e  s i d e  o f  t h e  r e v e r e a l  and toward  

t h e  s u n  on t h e  low l a t i t u d e  s i d e ,  Over t h e  p o l a r  r e g i o n  

t h e  c o n v e c t i o n  v e l o c i t  
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small. At the plasmapause/light ion trough boundary small, 

10 to 20 mV/meter, electric field perturbations are sometimes 

observed, corresponding to generally westward convection 

outside the plasmasphere. 

At high altitudes, above about 1500 km, over the auroral 

zone/polar cap regions irregular electric field ''noise" 

itudes from 10 to 30 mV/meter is consistently ob- 

served. Possible explanations of the high altitude electric 

field noise are discussed. 

Results are consistent with measurements using the 

barium cloud drift technique. Convection observed is also 

compared with models of magnetospheric structure and with 

models of substorms and aurorae. 
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I INTRODUCTIO 

Th rice of electric field easurement 

convection of plasma in th 

zed for a number of yea 

961; Piddington, 1962; Boat 

have teelnniquse been aeveiopea 

urement of ma ic electric fields, These 

barium cloud e n d e l  .et- &, 1967; FZIppl & 

1968; and escott et a l e ,  19691, ( 2 )  direct 

urements using rockets and satellites [Mozer and Bruston, 

1967; Fahleson et s9 1968; Heppner k9 1968; Gurnett, 

1970; Maynard and Heppner, 1970; and Potter, 19701, 

ubionosphar 

e e x t e n s i v e  
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sounding rocBe%s or bar s e e ,  This peaper 

eportss on initial he BC e l e c t r i c  f 

(677 t o  2528 



IS. DESCRIPTION OF THE EXPERI 

is% of t w o  

(B on booms as 

i n t  to prov 

conducting surface. The aluminum booms 

%he spheres  

in% to insulate the booms f rom the surroundin 

n'cer $0 center dis-tanea between the spheres is 2*85 

meters, The ep  f-t is mllgnetfc  i i g p  oriented 

magnet with n the s p a c e c r a f t  uch t h a t  when prope 

the x-axis arl"-%he spacecraf-t is p a r a l l e l  to the 

h the positive x-axfs poin-tin 

between the 



m ion shadowing of %he spheres by the booms 

e for b o t h  spheres, t h e r e b y  e l imaina t f  error8 due 

th eharacterlsties for $he t 

l limitations d i d  not permit 

g e s t e d  by Fahleson [ % $ 6 7 ] ,  to 

h i g h  i n p u t  impedance d i f f e r e n t i a l  amplifie 

l o c a t e d  in t h e  main s p a c e c r a f t  ~ P e c t r o n i c s ~  The d i f f e r e n t i  

ana an R C  time 

ant OP 0,4 s e c o n d s ,  m e  output f rom the d i f f e r e n t i a l  

the a i  
s e c o n d s ,  The mini @solvable e 

pproxfmately 2.75 mTT/meter. 

In order  to fnimize e r r 0  

ma sheath s ~ r ~ o u ~ a ~ n g  each s p h e r e ,  the d i f f e r e n t i  

pedance must be B" than the she 

i c e .  The input l pedance of the d i f f e r e n t i a l  a 

is 20 eh sphere t o  the e p e e  t bodys  T k i  

Y 

nee  i aa c o  db to the input 
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o f  t h e  t w o  s p h e r e s  i s  measu red  e v e r y  30 s e c o n d s  by d i f f e r e n -  

t i a l l y  d r i v i n g  t h e  s p h e r e s  w i t h  a c o n s t a n t  a m p l i t u d e  AC c u r r e n t  

s o u r c e  ( 1 ~ 0 ~ 1  vamp RMS) and m e a s u r i n g  t h e  r e s u l t i n g  AC p o t e n t i a l  

d i f f e r e n c e  be tween  t h e  s p h e r e s .  F u r t h e r  d e t a i l s  o f  t h e  Ingun  5 

DC e l e c t r i c  f i e l d  e x p e r i m e n t  a r e  g i v e n  by  G u r n e t t  e t  a l ,  t 1 9 6 9 1 ,  -- 

B, Theory  of O p e r a t i o n  

The t h e o r y  o f  o p e r a t i o n  f o r  t h e  d o u b l e  p r o b e  t y p e  o f  

e l e c t r i c  f i e l d  a n t e n n a  u s e d  on Ingun  5 has b e e n  d i s c u s s e d  by 

F a h l e s o n  [19673 and  Aggsoa [ I 9 6 6 1  and  i s  summarized h e r e  

t o  p r o v i d e  a b a s i s  f o r  d i s c u s s i n g  t h e  o b s e r v e d  o p e r a t i o n  i n  

o r b i t .  The d o u b l e  p r o b e  a n t e n n a  c a n  be  t h o u g h t  o f  as  two 

h igh- impedance  p o t e n t i a l  p r o b e s  immersed i n  t h e  h i g h l y  con-  

d u c t i n g  p lasma s u r r o u n d i n g  t h e  s p a c e c r a f t .  A s  is w e l l  known, 

a n  inhomogeneous p l a sma  s h e a t h  fo rms  a r o u n d  t h e  e n t i r e  s p a c e -  

c r a f t - p r o b e  s y s t e m  as i l l u s t r a t e d  i n  t h e  t o p  d i a g r a m  of 

F i g u r e  2 ,  For  t h e  p l a sma  d e n s i t i e s  found  i n  t h e  Ingun  5 

o r b i t ,  t h e  s h e a t h  is n o r m a l l y  a p o s i t i v e  ion shea th  w i t h  a 

c h a r a c t e r i s t i c  t h i c k n e s s  g i v e n  by t h e  Debye l e n g t h  [ F a h l e s o n ,  

19671 .  I n  r e g i o n s  of  v e r y  low p la sma  d e n s i t y  t h e  p h o t o -  

e l e c t r o n  c u r r e n t  c a n ,  however ,  e x c e e d  t h e  c u r r e n t  c o l l e c t e d  

from t h e  plasma, i n  which  c a s e  a p h o t o - e l e c t r o n  s h e a t h  i s  

formed w i t h  a c h a r a c t e r i s t i c  t h i c k n e s s  o f  a b o u t  2 0  cm [Aggson,  

19661 e 

An e q u i v a l e n t  c i r c u i t  model o f  .&he c o u p l i n g  o f  the 

p r o b e  s y s t e m  t o  t h e  p l a sma  fs shown i n  t h e  bo t tom d i a g r a m  o f  

F i g u r e  2 ,  I n  t h i s  model t h e  v o l t a g e  s o u r c e $  E(8/2) and E(-R/2) 
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s e n t  t h e  p l a sm p o t e n t i a l  a t  t h e  c e n t e  o f  t h e  t w o  

s p h e r e s ,  POP t h e  I n j u n  5 o r b i t  the s h e a t h  thhfckness  i s  no 

s m a l l  compared t o  t h e  a n t e n n a  l e n  t h e  I t  is, t h e r e f o r e ,  

e x p e c t e d  t h a t  t h e  e f f e c t i v e  l e n g t h ,  2 ,  o f  t h e  a n t e n n a  w i l l  be 

e q u a l  Lo t h e  c e n t e r  t o  c e n t e r  d i s t a n c e  be tween  t h e  s p h e r e s .  

For a p o s i t i v e  i o n  s h e a t h  t h e  s h e a t h  e s i s t e r n c e  R s  and 

s h e a t h  p o t e n t i  1 Vs c a n  b e  comput d f rom Langmuir p r o b e  

r e  g i v e n  b y  [Fahhesom, 19671 

and  'e 
Rs = I +I 

i P  

where Ue i s  t h e  e l e c t r o n  t h e r m  1 p o t e n t i a l  ( U e  = k T e / e ) ,  Ie 

is t h e  random e l e c t r o n  c u r r e n t  which would b e  c o l l e c t e d  by 

t h e  s p h e r e  i n  t h e  b s e n c e  o f  s h e a t h  e f f e c t s ,  If i s  t h e  i o n  

ent i n c i d e n t  on  t h e  s p h e r e s ,  and  I is t h e  pho to -  P 
e l e c t r o n  c u r  t e m i t t e d  by  tk 

e l e c t r o n  c u r r e n t  p l u s  t h e  b i a s  c u r r e n t  t o  t h e  d i f f e r e n t i a l  

a m p l i f i e r ,  IBB is l e s s  t h a n  t h e  p h o t o - e l e c t r o n  c u r r e n t  p l u s  

ent ( I = + I  <I + I ~ )  t h e n  t h e  p lasm 
B P  

s o n ,  19661, 

1, V S 4  .of t h e  

nd the Lan lair p r o b e  r e l a t i o n s  given by 
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Equrations (1) and (2) are no longer valid. I% an exponential 

PhOto-elect y spectrum is assumed, h an e-fohdiw3 

-3.0 v o l t s ,  then the she 

m 

U 
Rs-Ie-Ii -2 and 

~ . . e s e  equations re valid whenever Ie 

(3) 

( 4 )  

I <I -+Ii" B P  
The ~ ~ ~ ~ g t ~ ~ @ @  

represents the input resistance of the diff'@ranti 

From the circuit diagram it can be readily shown that the 

observed pot erence between the spheres is given by 

7 

.b 
1 

1 + -  Rs+ 

R B  

v + - v  P = -  1 
R 

1 4 . 2  
R B  

J 

here the plus (+ )  and minus ( - )  subscripts refer to the +y 

spheres, respectively. I 

same for both spheres, Vs+ = V and the sheath resistances 
S- 

ed to the diff % . e n t i a 1  ampbi fer input imp 
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o p o s t i o n a l  to the p o t e n t 9  

In the following section the validity of the above 

equations, and %he umptions used in their de 

vestigated us inflight observations of the e l e c t  
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III, OPERATIO OF THE ELECTRIC A 
SYSTEM PW ORBIT 

A .  __8_. w i t h  $, 
h e r e  t h e  i o n o s p h e r i c  

p lasma is e x p e c t e d  t o  e o - r o t a t e  w i t h  t h e  e a r t h  [ A x f o r d ,  19691, 

o n l y  the q s  i c  f i e l a  arisin f rom t h e  s a t e l l i t e  

v e l o c i t y  Bs t h e  i o n o s p h e r e  s h o u l d  be o b s e r v e d ,  Thus ,  

a t  m i d d l e  an t f t u d e s  it i s  p o s s i b l e  t o  " c a l i b r a t e "  

t h e  e l e c t r i c  f i e l d  measurement  by cornparin t h e  o b s e r v e d  

e l e c t r i c  f i e l a  w i t h  t h e  computed $ e l e c t r i c  f i e l d .  

% y p f c a l  Ingun 5 

o r b i t  i s  rahs 

p o t e n t i a l  airre e n c e  u s i n g  E q u a t i o n  (61, The s y s t e m a t i c  

s i n u s o i d a l  v a r i a t i o n  e v i d e n t  i n  t h e  measured  e l e c t r i c  f i e l d ,  

b o u t  20 m i n u t e s ,  is c 

e l e c t r i c  f i e l d .  The sinusoidal o d u l a t i s n  o f  t h e  o b s e r v e d  
-2- VsxB e l e c t r i c  f i e l d  is d u e  t o  %he BLOW r o t a t i o n  of  t h e  s a t e l l i t e  

20 m i n u t e s ,  

h e  e l e c t r i c  

F to t h e  g e o  
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compayed d i r e c t l y  w i t h  t h e  m a g n i t u d e  of  t h e  computed ? x8 
f i e l d ,  The d a s h e d  l i n e s  i n  F i g u r e  3 a r e  t h e  p o s i t i v e  and  

S 

n e g a t i v e  l i m i t s  o f  t h e  Ssx% field as  computed f rom t h e  s a t e l l i t e  

o r b i t ,  The s a t e l l i t e  v e l o c i t y  Vs w a s  computed r e l a t i v e  t o  a 

c o o r d i n a t e  s y s t e m  c o - r o t a t i n g  w i t h  t h e  e a r t h  a n d  t h e  geomag- 

n e t i c  f i e l d  w a s  computed u s i n g  t h e  1 9 6 5  C a i n  e t  a l .  [ I 9 6 7 1  

3 

e x p a n s i o n  f o r  t h e  g e o m a g n e t i c  f i e l d .  Near  t h e  m a g n e t i c  

e q u a t o r  t h e  VsxB f i e l d  becomes v e r y  s m a l l  as  t h e  a n g l e  be tween  
- b +  

t h e  s a t e l l i t e  v e l o c i t y  v e c t o r  and  t h e  g e o m a g n e t i c  f i e l d  be -  

comes s m a l l ,  

D i s c o u n t i n g  t h e  s p a c e c r a f t  wake a n d  shadow e f f e c t s .  

i n d i c a t e d  i n  F i g u r e  3 ,  t h e  maxima and  minima i n  t h e  o b s e r v e d  

l e c t r i c  f i e l d  t m i d d l e  and  low l a t i t u d e s  are o b s e  

t o  f i t  the d o t t e d  Itsx3I e n v e l o p e  Lo i t h i n  a b o u t  50 aV/metere 

r c o m p a r i s o  ~3 on o t h e r  o r b i t s  i n d i c a t e  t h a t  t h e  maximum 

a b o u t  50 m V / m e t e r .  As d i s c u s s e d  in t h e  f o l l o w i n g  s e c t i o n s 9  

o r  is b e l i e v e d  t o  be p iiy atre to s ymme t r sl c aa 
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pedance i s  b e l i e v e d  to be almost e n t i r e l y  due  to 

th s u r r o u n d i n g  t h e  spheres, 

e s i s t a n c e  is o b s e  
4 ma o r b i t ,  f n 110 ohms at d e s  n e a r  t h e  

t o  g r e a t e r  t h  IB 10' ohms a t  h i g h  a l t i t u d e s  

e%. the p o l a r  r e g i o n s ,  These v a r i a t i o n s  n b e  g e n e r  

u ~ d e r $ t o o d  f rom E on (1) for t h e  r e s i  n c e  of t h e  plasm 

h e  

l t i t u d e s ,  where the e l e c t r o n  nu 

N e $  exceed  ns/cm3,  t h e  ram i o n  c u r r e n t  

e x c e e d s  t h e  p h o t o - e l  en% (I > I  ) $  nd t h e  s h e a t h  

r e s i s t a n c e  g i v e n  by  E q u a t i o n  (1) becomes i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  e l e c t r o n  number d e n s i t y  (Ii=6ae)* 

l e s s  t h a n  L O 5  ohms, e v i d e n t  a t  low a l t i t u d e s  n e a r  t h e  m a g n e t i c  

e q u a t o r  i n  F i g u r e  3 ,  are due t o  t h e  i n c r e a s e d  e l e c t r o n  d e n s i t y  

i P  

The s h e a t h  

o n ,  The s h e a t h  r e s i s t a n c e  d e c r e a s e  at; l o w  a l t i -  

t i c u l a r l y  pronounced  when t h e  p e r i g e e  is n e a r  t h e  

m a g n e t i c  e q u a t o r  where the l a t i t u d i n a l  maximum i n  t h e  e l e c t r o n  

o c c u r s  [ B r a c e  LS 19671.  The s h e a t h  r e s i s t a n c e  
4 is o f t e n  lass t h a n  10 ohms i n  thi r e g i o n  [ s e e  F i  

u d e s ,  where t h e  el etron d e n s i t  

e l ec t roas / c rn3  9 t h e  ra i o n  c u r r e n t  i s  

Under t h e s e  less than t h e  p h o t o - e l e c t r o n  c u r r e n t  (Ii.cI 1. 

c o n d i t i o n s  t h e  s h e a t h  r e s i s t a n c e  8 8  given by Equation (1) 
P 



ermined prim pily by the electron temperature, An 

ature of 250o0K, h i e h  is typical for the 

t midi ana ~ O V  1 tftudes and a photo-electron 

current estimated to be about 2,5 vamps, gives a sheath re- 

sistance of %lo5 o$ s. This value is typical of the sheath 

s actually observed at mid a n d  low latitudes above 

about 1000 krn altitude and accounts for the general magnitude 

of the sheath resistances most commonly observed ith Injun 5. 

The increased sheath resistance evident in Figure 3 

at high altitudes over t h e  northern polar region is believed 

to be due to the increased electron temperature in this region 

(Rs = kTe/eI ) or due to the formation of a photo-sheath 

in regions of unusually l o w  electron density (see discussions 

of wake effects in section D), 

P 

An abrupt change in the sheath resistance is commonly 

observed as the spacecr ft CFOSSBS the plasmapause/light ion 

h boundary, w i t h  larger sheath resistances being obse 

outside the plasmasphere [see Fi ure 5 of Gurnett fi &, 1.9691, 

This increased s h e  th resistance is believed to be due to 

s e  in the electron temper ture and the decrease 

in the ion ram current on the high latitude side of the plasma- 

pause boundary. 

When the sp cecraft is in darkness at high altitudes 
6 (above 2000 km) t h e  sheath resistance often exceeds 10 ohms, 

This large sheath resistance occurf~ bec both the photo-  
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eiects~n C U F F ~ Q ~ ~  I ana the i o n  cug.rents I i 9  in the 

denominator 0 %  Eg~tation (2.) are small when the spacecraft 

is in darkness at high altitudes. 

P' 

Typically the shea th  resistances observed in flight 

are less than lo6 oh s so t h a t  corrections to the electric 

field determinations due to the finite differential amplifier 

input impedance ( ~ g P 2 x 1 0 7  ohms) are usually ne 

However, at high altitudes when the spacecraft is in darkness 

or is over  the polar regions, the sheath resistance sometimes 

exceeds 10 ohms, In these cases, which a r e  readily idearti- 

fied from the impedance measurement data, significant errors 

due to the finite differential amplifier input impedance c a n  

6 

occur e 

C .  Sunlight Effects 

The abrupt Jumps in the sphere potential difference 

labeled "spacecraft shadow" in Figure 3 re due to the change 

in the photo-electron emission of" one of' the spheres as the 

sphere passes t h o u  h the sunlight shadow of the spacecraft 

body, The potential of the shadowed sphere typically decreases 

about 0,3 to 0,5 volts as the sphere passes through the 

shadowed region. The origin of" this shado ing effect can 

be seen fro Equation (2) for the sheath potential. If the 

photo-eleetron currents f i f e n Q i ~ a 1  for both s p h e s ~ e s ~  t h e n  

th potentials vs+ a n d  Y  BE"^ e q u a l  ana cancel o u t  
8 -  

of Egua,t%os ( 5 )  for the ephere p o t e n t i a l  dBfisrearee (aseuming 
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that R S + $  Rs,<<RB)" 

electron current, emitted by the two spheres, such as is 

caused by sunli dowing of one of t h e  spheres, will 

cause an imbalance of the two sheath potentials and a corres- 

ponding s h i f t  in the sphere potential difference, The polari- 

However, any  difference in the photo-  

re such that 
B 

component of the electric field increases, The range of' sun 

directions (8 )  for which shadowing can occur for each sphere 
is i n d i c a t e d  in Figure 1, Sunlight shado i n g  e f f e c t s  caused 

by the spacecraft body are usually easy to identify 

i a e t i v e  characteristi 

A rough estim 

t h e  photo-elec 

relation I 
P 

5 = 10 ohms, gives a: 
P 

e8 into srccovtnt 

c r i s t i c s  has been performed 

Lue for the 

by the boom 



o f  t h e  p r o j e c t e d  a r ea  o f  a s p h e r e ,  t h e  magn i tude  of t h e  boom 

shadowing e f f e c t s  a r e  p r o p o r t i o n a t e l y  smaller  t h a n  t h e  s p a c e -  

c r a f t  body shadowing e f f e c t s .  The maximum error d u e  t o  

boom shadowing i s  e s t ima ted  t o  be  a b o u t  5 0  mV/meter. S i n c e  

boom shadowing c a n  o c c u r  t o  v a r y i n g  d e g r e e s  o v e r  a l a r g e  

r a n g e  o f  s p a c e c r a f t  o r i e n t a t l o n s  ( s e e  F i g u r e  l), t h i s  t y p e  o f  

e r r o r  is p r e s e n t  i n  a l a r g e  f r a c t i o n  o f  t h e  I n j u n  5 da ta ,  

I n  c o n t r a s t  t o  t h e  s p a c e c r a f t  body shadows which p r o d u c e  

a b r u p t  jumps i n  t h e  s p h e r e  p o t e n t S a l  d i f f e r e n c e  t h e  boom 

shadow e r r o r  i s  a. smoo th ly  v a r y i n g  f u n c t i o n  o f  t h e  s p a c e c r a f t  

o r i e n t a t i o n  w i t h  a t i m e  s c a l e  comparab le  t o  t h e  r o t a t i o n  

p e r i o d  of“ t h e  s p  c e c r a i t ,  TIIX t e n d e n c y  for the measurea  

VsxS e l e c t r i c  f i e l d  i n  F i g u r e  3 to u n d e r s h o o t  t h e  1 6 s X 8 1  en- 
v e l o p e  i n  the southe n h e m i s p h e r e  and  o v e r s h o o t  i n  t h e  

n o r t h e r n  hemisphere c a n  be a c c o u n t e d  f o r  by ha d e t a i l e d  con- 

s i d e r a t i o n . o f  t h e  p o l a r i t y  of t h e  boom shadowing e r r o r s  i n  

t h e  n o r t h e r n  a n d  sou%hern h e m i s p h e r e ,  ( I n  this c a s e  t h e  boom 

shadowing e r r o r  for a g i v e n  o r i e n t a t i o n  has t h e  same s i g n  

in e i t h e r  h m i s p h e r e ,  b u t  the vec.l;or d i r e c t i o n  of VsxB i s  

boom shadowing e r r o r  -%hers 

d. 

+ +  

EI n o t  been consiaerea preset 

c o r r e c t  for boom shadowing errors 

psieag, it i5 1 4 i t 3 U ~ ~ ~ g p ”  easy %o distinguish 



t h e  bas i s  of  t h e  t i m e  s c a l e s  i n v o l v e d .  A l s o ,  t h e r e  i s  ea 

f a i r l y  l a r g e  r a n g e  o f  o r i e n t a t i o n s  f o r  which no boom shadowing 

c a n  o c c u r  for e i t h e r  sphere ( s e e  Figure I), 

use of  t h e  ma n e t i e  orientation and  geometry o f  t h e  

e l e c t r i c  a n t e m a ,  wake e f f e c t  Igajun 5 only 

p o s i t i o n  veeto?? of t h e  % i v e  to t h e  c e n t e r  of 

4. The e l e c t r f e  

s e e  is seen to 

pOslt iogl  8 e r e  w i t h  r e s p e c t  

very large, fro 

e l e c t r i c  f i e l d  perturb t i o n  i s  n e g a t i v e  

ke, it f o l l o  

t the p o t e n t i a x  of the +g sphere rnU8.P; i s le re  
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Wake e f f e c t s  a r e  o b s e r v e d  w i t h  Ingun  5 o n l y  a t  h i g h  

l a t i t u d e s ,  above  60° i n v a r i a n t  l a t i t u d e ,  In o r d e r  t o  p r o v i d e  

f u r t h e r  i n f o r m a t i o n  on  t h e  o r i g i n  o f  t h e  wake e f f e c t s  o b s e r v e d ,  

a s t u d y  was pe r fo rmed  on t h e  o c c u r r e n c e  o f  wakes as  a f u n c t i o n  

of  t h e  s a t e l l i t e  a l t i t u d e  a n d  t h e  s h e a t h  r e s i s t a n c e  of  t h e  

a n t e n n a ,  Each sample  used i n  t h i s  wake s t u d y  c o n s i s t e d  o f  a 

c a s e  where one  o f  t h e  s p h e r e s  was w i t h i n  f30°  o f  t h e  a n t i -  

v e l o c i t y  v e c t o r  d i r e c t i o n .  A t o t a l  o f  4 4 5  s u c h  c a s e s  were  

i n v e s t i g a t e d  a n d  t h e  r e s u l t s  a r e  summarized i n  T a b l e  1. Un- 

f o r t u n a t e l y  most o f  t h e  wake e f f e c t s  o b s e r v e d  w i t h  Ingun  5 a r e  

not n e a r l y  a s  s y m m e t r i c a l  and  c l e a r l y  d e f i n e d  as  t h o s e  shown 

i n  F i g u r e  4 and  in many c a s e s  it i s  n o t  p o s s i b l e  t o  c l e a r l y  

d i s t i n g u i s h  wake e f f e c t s  f rom o t h e r  phenomena. In t h i s  

any  e l e c t r f c  f i e l d  p e r t u r b  b i c b  a p p e a r e d  t o  

c o r r e l a t e  even  r o u g h l y  w i t h  t h e  angle between %he s p h e r e  and  

t h e  a n t i - v e l o c i t y  vector w a s  c l a s s i f f e d  a s  a wake, even  though  

i n  some e a s e s  t h e  p e r t u r b a t i o n  may have  been  due  t o  some o t h e r  

c a u s e a  The no a l i z e d  f r e q u e n e l e s  of  occurrence f o r  wakes 

g i v e n  i n  ‘6 b l c  1 shox t h a t  t h e  o c c u r r e n c e  S% wakes is a strong 

f u n c t i o n  of  both d - t i t u d e  and sheath  resistance. A t  a l t i t u d e s  

below 1 5 0 0  &sa and s h e a t h  r e s i s t a n c e s  less t h a n  l o 5  ohms, t h e  

kes fs negligibly small (1 c a s e ) ,  A t  altitudes 

above  1 5 0 0  e OCCUS”P”BBW of wakes is ~ t g 9 0 n g i y  con t rpo i i ea  bg 

t h e  sheath F~~ P e e % s ~ a n c e s  f rom 105 to 

of %ha @asses fnvg: tiga-t,ea wakes, W ~ E ? ~ E ? W  
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s h e a t h  r e s i s t a n c e s  above  10' ohms 62% of t h e  c a s e s  i n -  

a t e d  h a v e  wakes ,  A q u a l i t a t i v e  comp 

AFCRL e1ecP;ron d e n s i t y  p 

t i a l  of t h e  s p h e  

i n c r e a s e d  as t h e  s p h e r e  p a s s e d  t h r o u g h  t h e  wake r e g i o n .  

An u n u s u a l  asymmetry e x i s t s  b e t w e e n  t h e  

s p h e r e s  i n  t h a t  wake e f f e c t s  a r e  much more commonly o b s e r v e d  

w i t h  t h e  +y s p h e r e .  I n  F i g u r e  4 f o r  example ,  no c o  ble 

p e r t u r b a t i o n  o f  t h e  -y s p h e r e  p o t e n t i a l  w a s  o b s e r v e d  even  

t h o u g h  t h e  -y s p h e r e  p a s s e d  t h r o u g h  t h e  wake r e g i o n  o n l y  a 

few m i n u t e s  b e f o r e  t h e  y s p h e r e .  A f t e r  n o r m a l i z a t i o n  t o  

a c c o u n t  f o r  t h e  number o f  t i m e s  e a c h  s p h e r e  was w i t h i n  t h e  

wake r e g i o n ,  it w a s  f o u n d  t h a t  70% o f  a l l  wakes o b s e r v e d  

o c c u r r e d  f o r  t h e  +y s p h e r e ,  The o r i g i n  of  t h i s  asymmetry i s  

d i s c u s s e d  be low,  

D i s c u s s i o n .  The o b s e r v e d  p o t e n t i a l  change  as t h e  

88s t h r o u g h  t h e  w k e  c o u l d  b e  due  elitk 

t i o n  o f  t h e  p l  $ma p o t e n t f  1 i n  t h e  w 

t u r b a t f o n  i n  t h e  s h e a t h  p o t e n t f a 1  V s a  

s u g g e s t  t h a t  %he i n c r e a s e  i n  t h e  s p h e r e  p o t e n t i a l  i n  t h e  

wake r e g i o n  ar iby  due t o  a pe t u r b a t i o n  i n  t h e  s h e a t h  

p o t e n t i a l ,  F % r s t ,  % h e  f a c t  t h a , t  t h e  w k e  o c c u r r e n c e  i s  

d i f f e r e n t  f o r  t h e  t o spheres i a d i c a $ e e  t h a t  %he s p h e r e  po- 

t e n t i a l  p e r t u r b a t i o n  i n  t h e  wake depends on some p a r a m e t e r  
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which i s  d i f f e r e n t  f o r  t h e  two s p h e r e s ,  r a the r  t h a n  on a 

v a r i a t i o n  o f  t h e  p lasma p o t e n t i a l  i n  t h e  wake r e g i o n  which  

s h o u l d  b e  t h e  same f o r  b o t h  s p h e r e s ,  Second,  t h e  o b s e r v e d  

p o s i t i v e  p o t e n t i a l  i n  t h e  wake r e g i o n  i s  n o t  c o n s i s t e n t  

p r e s e n t  t h e o r e t i c a l  u n d e r k t a n d i n g  o f  sp c e c s a f t  wakes 

[ A l ' p e r t  e al,, 1 9 6 3 ;  T a y l o r ,  19671 i n  t h a t  t h e  p lasma 

p o t e n t i a l  i n  t h e  wake r e g i o n  i s  e x p e c t e d  t o  b e  n e g a t i v e  i n  

o r d e r  t o  m a i n t a i n  a p p r o x i m a t e  c h a r g e  n e u t r a l i t y  i n  t h i s  r e g i o n  

o f  r a r i f i e d  i o n  d e n s i t y .  

W i t h i n  t h e  wake r e g i o n ,  t h e  p r i m a r y  v a r i a t i o n  i n  t h e  

p a r a m e t e r s  a f f e c t i n g  t h e  s h e a t h  p o t e n t i a l , V s ,  i s  t h e  

a n d  t h e  i o n  r Ie 9 
d e c r e a s e  i n  t h e  e l e c t r o n  c u r r e n t ,  

I ip  c a u s e d  by t h e  d e n s i t y  r a r e f a c t i o n  i n  t h e  wake. Fo 

h i g h  a l t i t u d e ,  low d e n s i t y  c o n d i t i o n s  where wake e f f e c t s  

w e d . ,  t h e  i o n  r e n t  i s  n e g l i g i b l e  comp 

e i t h e r  1 QP I The i n c r e a s e  i n  t h e  s p h e r e  p o t e n t i a l  w i t h i n  P e 
e g i o n  c a n  b e  c a u s e d  by  t h e  d e c r e a s e  i n  t h e  e l e c t  

c u r r e n t  Ie9 i n  t h e  wake, f o r  e i t h e r  a p o s i t i v e  i o n  s h e a t h  
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b o t h  s p h e r e s s  t h e n  t h e  

d e n s i ~ y  i s  t h e  

i c a l  p h o t o - c u r r e n t s  o f  t h e  

more l i k e l y  for a p h o t o - s h e a t h  

t o  o c c u r  n f o r  t h e  -y s p h e r e .  Also, 

s i n c e  t h e  p h o t o - e l e c t r o n  e n ~ ~ g y ~  U = l . 5  volts, is much l a  
P 

l e c t r o a  t h e r m a l  e n e r g y ,  U "0.1 v o l t s ,  d e n s i t y -  e 
i n d u c e d  c h a n g e s  i n  t h e  f l o a t i n g  p o t e n t i a l  a r c  much l a r g e r  f o r  

a p h o t o - s h e a t h  %ha9 f o r  p o s i t i v e : i o n  s h e a t h .  T h e r e f o r e ,  

when a p h o t o - s h e a t h  d o e s  d e v e l o p  f o r  t h e  Sy s p h e r e  as it p 

p e r t u r b a t i o n  i n  t h e  s p h e r e  

t h a n  when b o t h  s p h e r e s  have 

t h s  i n  t h e  

conciuaea that the s p h e  

t i o n $  o b s e r v e d  i a  t 

educed  elee% i t y  i n  t h e  
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s p a c e c r a f t  wake, T h i s  i n t e r p r e t a t i o n  i s  a l s o  c o n s i s t e n t  w i t h  

6 t h e  l a r g e  (>lo ohms) s h e a t h  r e s i s t a n c e s  o b s e r v e d  when wake 

e f f e c t s  a r e  o b s e r v e d  s i n c e  t h e  r e s i s t a n c e  o f  a p h o t o - s h e a t h  i s  

much g r e a t e r  t h a n  t h e  r e s i s t a n c e  o f  a p o s i t i v e  i o n  s h e a t h  

(compare  E q u a t i o n s  (1) and ( 3 )  when U "U,)" It a l s o  e x p l a i n s  
P 

k e  e f f e c t s  &re  obs rved only u n d e r  c o n d i t i o n s  o f  v e r y  low 
3 d e n s i t y  (%2x lo3 e l e c t r o n s / c m  

must e x c e e d  t h e  random e l e c t r o n  c u r r e n t  c o l l e c t e d  f rom t h e  

p lasma ( p l u s  any  a m p l i f i e r  c u r r e n t )  i n  o r d e r  f o r  a p h o t o - e l e c t r o n  

s h e a t h  t o  o c c u r .  

s i n c e  t h e  p h o t o - e l e c t r o n  c u r r e n t  
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IV. DATA R E D U C T I O N  PROCEDURE 

A ,  R e s i d u a l  E l e c t r i c  F i e l d  D e t e r m i n a t i o n  

I n  o r d e r  t o  s e p a r a t e  n a t u r a l l y  o c c u r r i n g  e l e c t r i c  f i e l d s  

from i n s t r u m e n t a l  e f f e c t s ,  it i s  n e c e s s a r y  t o  s u b t r a c t  t h e  

VsxB e l e c t r i c  f i e l d  and  o t h e r  known e r r o r s  f rom t h e  measured  

e l e c t r i c  f i e l d .  The p r o c e d u r e  u s e d  t o  e l i m i n a t e  t h e  unwanted 

e f f e c t s  i s  d e s c r i b e d  be low.  

- b +  

All e l e c t r i c  f i e l d  e f f e c t s  a r e  d i s r e g a r d e d  when t h e  

6 s h e a t h  r e s i s t a n c e  e x c e e d s  1 0  ohms. T h i s  c o n d i t i o n  e l i m i n a t e s  

n e a r l y  a l l  wake e f f e c t s  a n d  a s s u r e s  t h a t  t h e  d i f f e r e n t i a l  amp- 

l i f i e r  impedance i s  much l a r g e r  t h a n  t h e  s h e a t h  r e s i s t a n c e .  

S i n c e  s p a c e c r a f t  shadow e f f e c t s  a r e  p r e d i c t a b l e  f rom t h e  

s p a c e c r a f t  o r i e n t a t i o n ,  dcta  a r e  a l s o  d i s c a r d e d  when a p r o b e  

i s  c l o s e  t o  t h e  a n t i - s u n  v e c t o r .  

e l e c t r i c  f i e l d  p a r a l l e l  t o  t h e  a n t e n n a  a x i s ,  so?sxB, i s  a l s o  

e a s i l y  c a l c u l a t e d ,  The o n l y  ma jo r  p rob lem which r e m a i n s  i s  

boom shadowing,  While  boom shadowing i s  u n d e r s t o o d  i n  

p r i n c i p l e ,  i n  p r a c t i c e  t h i s  e r r o r  c a n n o t  b e  c a l c u l a t e d  w i t h  

s u f f i c i e n t  a c c u r a c y  t o  be  u s e f u l  b e c a u s e  o f  u n c e r t a i n t i e s  i n  

t h e  v a r i o u s  p lasma p a r a m e t e r s  i n v o l v e d ,  

The component of  t h e  $sxs 
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The p r o c e d u r e  h i c h  has been  a d o p t e d  f o r  s u b t r a c t i n g  
+ +  

B and  t h e  boom shadowing e r r o r  i s  t h e  f o l l o w i n g :  a 

smooth c u r v e  Es i s  hand-drawn t h r o u g h  t h e  measured e l e c t r i c  

f i e l d  s u b J e c t  t o  t h e  f o l l o w i n g  r e q u i r e m e n t s :  

(1) It h a s  a s i n e  wave s h a p e  which i s  q u a l i t a -  
+ +  

L i v e l y  t h e  same as t h e  computed ;PeVsxB f i e l d .  

(2) The m o d u l a t i o n  a m p l i t u d e  a n d  p h a s e  a r e  a d j u s t e d  

t o  p r o v i d e  a good f i t  a t  low l a t i t u d e s  where no 

c o n v e c t i o n  e l e c t r i c  f i e l d s  a r e  e x p e c t e d .  

( 3 )  I n  c a s e s  of u n c e r t a i n t y  t h e  c u r v e  i s  drawn c l o s e r  

t o  t h e  a v e r a g e  measured  f i e l d .  

A +  + 
T h i s  p r o c e d u r e  t a k e s  i n t o  a c c o u n t  b o t h  yaVsxB and  

smooth c h a n g e s  i n  boom shadowing.  I n  c a s e s  o f  u n c e r t a i n t y  

t h e  r e s i d u a l  e l e c t r i c  f i e l d ,  ER=EM==-ESs w i l l  i n  g e n e r a l  

u n d e r e s t i m a t e  t h e  a c t u a l  c o n v e c t i o n  e l e c t r i c  f i e l d .  If 

n a t u r a l  e l e c t r i c  f i e l d s  o c c u r  which a r e  small and  u n i f o r m  

o v e r  d i s t a n c e s  on t h e  o r d e r  o f  5000 km, t h e y  w i l l  u n f o r t u n a t e l y  

b u t  u ~ ~ v o ~ a a b l y  b d o u t  by t h i s  p r o c e d u r e  a n d  w i l l  n o t  

a p p e a r  i n  ERe 

t h e  p lasma p a r a m e t e r s  a f f e c t i n g  t h e  boom shadowing t h e  a b s o l u t e  

v a l u e s o f  ES and  ER c a n n o t  i n  g e n e r a l  be  d e t e r m i n e d  t o  b e t t e r  

t h a n  a b o u t  30 mV/meter, However, f l u c t u a t i o n s  i n  t h e  

Bec u s e  of t h e  unknown s p a t i a l  v a r i a t i o n s  i n  

r e s i d u a l  e l e c t r i c  f i e l d  which o c c u r  w i t h  p e r i o d s  much l e s s  

t h a n  t h e  s a t e l l i t e  s p i n  p e r i o d  a r e  c o n s i d e r e d  s i g n i f i c a n t  i f  

t h e i r  magn i tude  e x c e e d s  a b o u t  1 0  m P P / m e t e s ,  



B e  C o n v e c t i o n  V e l o c i t y  D e t e r m i n a t i o n  

Axford  119691 h a s  e x p l a i n e d  t h a t  a t  Ingun 5 a l t i t u d e s  

t h e  c o n d u c t l v i t i e s  a re  s u c h  t h a t  a D C  e l e c t r i c  f i e l d  i s  

r e l a t e d  t o  t h e  c o n v e c t i o n  v e l o c i t y  tc o f  t h e  plasma by t h e  

e q u a t i o n  

+ 3  
+ ExB 

B2 
vc = - 

The m a g n e t i c  o r i e n t a t i o n  o f  I n j u n  5 r e s t r i c t s  t h e  D C  e l e c t r i c  

f i e l d  e x p e r i m e n t  t o  measu re  o n l y  e l e c t r i c  f i e l d s  p e r p e n d i c u l a r  

t o  t h e  geomagne t i c  f i e l d .  F u r t h e r m o r e ,  s i n c e  o n l y  t h e  E 

component of t h e  e l e c t r i c  f i e l d  i s  s e n s e d ,  o n l y  t h e  component 

o f  c o n v e c t i o n  v e l o c i t y  p a r a l l e l  t o  t h e  a x i s  o f  t h e  space -  

c r a f t  c a n  b e  i n f e r r e d ,  The c o n v e c t i o n  v e l o c i t y  component 

measured  c a n  t h e r e f o r e  be  computed f rom t h e  r e l a t i o n  

Y 

F i g u r e  5 i l l u s t r a t e s  t h e  d a t a  r e d u c t i o n  p r o c e d u r e  u s e d  

t o  d e t e r m i n e  t h e  r e s i d u a l  e l e c t r i c  f i e l d ,  E R B  f o r  a t y p i c a l  

c a s e .  

and t h e  d o t t e d  c u r v e ,  ES9 i s  t h e  smooth c u r v e  drawn t o  b e s t  

The s o l i d  c u r v e  i s  t h e  measured  e l e c t r i c  f i e l d ,  EM9 

o x i m a t e  t h e  "vsx% f i e l d  and t h e  boom shadowing e r r o r ,  

The r e s i d u a l  e l e c t r i c  f i e l d ,  ER=E s an  a b r u p t  r e v e r s a l  O f  

50 mV/me.ter a t  1428 UT, The sheath impedance i s  
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6 n 110 ohms. The a n g l e s  b e t  eear t h e  p r o b e s  and t h e  

and  be tween t h e  p r o b e s  and  t h e  s a t e l l i t e  
8 ,  

Bun v e c t o r ,  

v e l o c i t y  v e c t o r ,  e v 9  v e r i f y  t h a t  f o r  t h i s  e v e n t  n e i t h e r  p r o b e  

w a s  i n  a wake o r  a shadow. Hence,  t h i s  e l e c t r i c  f i e l d  re -  

v e r s a l  i s  assumed -bo b e  due t o  a c o n v e c t i o n  e l e c t r i c  f i e l d ,  

The c o n v e c t i o n  v e l o c i t y  component a s s o c i a t e d  w i t h  t h i s  

r e s i d u a l  e l e c t r i c  f i e l d  i s  i l l u s t r a t e d  on a m a g n e t i c  l o c a l  

t i m e / i n v a r i a n t  l a t i t u d e  p o l a r  d i a g r a m  i n  F i g u r e  6 ,  Each 

a r r o w  r e p r e s e n t s  t h e  measured  component o f  t h e  c o n v e c t i o n  

v e l o c i t y  computed u s i n g  E q u a t i o n  ( 8 ) .  The l e n g t h  o f  t h e  

a r r o w  i s  p r o p o r t i o n a l  t o  t h e  magn i tude  o f  Vc and t h e  d i r e c t i o n  

of t h e  a r r o w  i s  i n  t h e  d i r e c t i o n  of t h e  c o n v e c t i o n  v e l o c i t y  

s e n s e d .  The b a s e  of each  a r r o w ,  o r  t h e  l o c a t i o n  o f  each  d o t ,  

g i v e s  t h e  s a t e l l i t e  p o s i t i o n  a t  h a l f - m i n u t e  i n t e r v a l s .  S i n c e  

v a r i a t i o n s  i n  Vc may o c c u r  w i t h i n  t h e  30 s e c o n d s  be tween 

a r r o w s ,  e a c h  a r r o w  c o r r e s p o n d s  t o  t h e  maximum o r  " e n v e l o p e "  

c o n v e c t i o n  v e l o c i t y  d u r i n g  t h e  i n t e r v a l .  It  must be emphas ized  

t h a t  a r r o w  r e p r e s e n t s  o n l y  t h e  component o f  t h e  c o n v e c t i o n  

v e l o c i t y  d e t e c t e d ;  it d o e s  n o t  r e p r e s e n t  t h e  v e c t o r  d i r e c t i o n  

of  t h e  c o n v e c t i o n  v e l o c i t y  s i n c e  o n l y  one  component i s  meas- 

u r e d ,  The e l e c t  i c  f i e l d  r e v e r s a l  shown i n  F i g u r e  5 a p p e a r s  

i n  F i g u r e  6 as a r e v e r s a l  i n  t h e  e s t - w e s t  component o f  t h e  

c o n v e c t i o n  v e l o c i t y g  Because  of  % h e  o r i e n t  t i o n  o f  t h e  s p a c e -  

c r a f t  d u r i n g  t h i s  e v e n t ,  t h e  n o r t h - s o u t h  component of  t h e  

c o n v e c t i o n  PI l o c i t y  c a n n o t  be  d e t e r m i n e d ,  



The m a g n i t u d e s  of  c o n v e c t i o n  v e l o c i t y  v a r i a t i o n s  

d e t e r m i n e d  on d i s t a n c e  s c a l e s  l e s s  t h a n  a b o u t  1 0 0 0  km a r e  

b e l i e v e d  t o  be u n c e r t a i n  by a b o u t  0 .25  km/sec u s i n g  t h i s  da t a  

r e d u c t i o n  p r o c e d u r e  a n d ,  as i n  t h e  c a s e  o f  E R g  r e p r e s e n t  a 

l ower  l i m i t .  Uniform c o n v e c t i o n  v e l o c i t i e s  o v e r  l a r g e  r e g i o n s  

( 5 0 0 0  km or g r e a t e r )  a r e  n o t  e x p e c t e d  t o  b e  d e t e c t s b l e  i f  t h e  

c o n v e c t i o n  v e l o c i t y  i s  l e s s  t h a n  a b o u t  1 km/sec b e c a u s e  

s l o w l y - v a r y i n g  e l e c t r i c  f i e l d s  a r e  e l i m i n a t e d  i n  t h e  da ta  

r e d u c t i o n  p r o c e d u r e .  
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V. CHARACTERISTICS OF THE OBSERVED ELECTRIC FIELDS 

On v i r t u a l l y  e v e r y  o r b i t  o f  t h e  s a t e l l i t e ,  s i g n i f i c a n t  

r e s i d u a l  e l e c t r i c  f i e l d s  n o t  a t t r i b u t a b l e  t o  any  known i n s t r u -  

m e n t a l  e f f e c t  a r e  o b s e r v e d ,  These  e l e c t r i c  f i e l d  e f f e c t s ,  

which a r e  assumed t o  be  due  t o  p lasma c o n v e c t i o n  phenomena, 

a r e  o n l y  o b s e r v e d  a t  m i d d l e  and  h i g h  l a t i t u d e s .  Above 60° 

i n v a r i a n t  l a t i t u d e ,  e l e c t r i c  f i e l d s  w i t h  f l u c t u a t i o n s  g r e a t e r  

t h a n  1 0  mV/meter a r e  o b s e r v e d  on n e a r l y  e v e r y  p a s s  and  occa -  

s i o n a l l y  m a g n i t u d e s  g r e a t e r  t h a n  1 0 0  m V / m e t e r  a r e  o b s e r v e d ,  

Many o f  t h e s e  f l u c t u a t i o n s  t a k e  t h e  form o f  d i s c r e t e  a u r o r a l  

zone e v e n t s  c a l l e d  e l e c t r i c  f i e l d  " r e v e r s a l s "  d i s c u s s e d  

i n  s e c t i o n  A below.  S m a l l  change  somet imes  o b s e r v e d  a t  t h e  

p l a smapause  a r e  d i s c u s s e d  i n  S e c t i o n  B. O t h e r  e l e c t r i c  f i e l d  

nd b r o a d e r  i n  e x t e n t ,  a r e  c l a s s i f i e d  

e" and are d i s c u s s e d  i n  S e c t i o n  C. 

A .  A u r o r a l  _p_ Zone E l e c t r &  F i e l d  R e v e r s a l s  

A phenomenon which  i s  o b s e  ved  t o  o c c u r  o n l y  i n  t h e  

a u r o r a l  zone ,  b u t  n o t  on e v e r y  p a s s ,  i s  a n  a b r u p t  r e v e r s a l  

in t h e  r e s i d u a l  e l e c t r i c  f i e l d ,  E R 9  and c o n s e q u e n t l y ,  a l s o  i n  

t h e  c o n v e c t i o n  v e l o c i t y ,  V c e  These  e v e n t s  a r e  t h e  e a s i e s t  

of t h e  o b s e r v e d  phenomena t o  s t u d y  b o t h  b e c a u s e  t h e  s i g n a -  

Lure  o f  a r e v @  s a l  c a n n o t  a r i s e  due t o  a s p u r i o u s  shadow, 
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nd also because the ove all magnitude cannot be changed 

by an error in drawing ES. 

where the electric field or convection velocity crosses zero; 

the peak-to-peak magnitude is unaffected by the data reduction. 

Uncertainty is thus confined to 

An example of a reversal occurring at dusk at 78' IBV 

has been shown in Figure 6. The convection direction, sun- 

ward at higher latitude, is observed less frequently than 

anti-sunward convection at higher latitudes, but both do occur. 

Figure 7 shows three reversals occurring at dawn on different 

days of January, 1969. The convection directions for the 

three are consistent in showing anti-sunward flow at higher 

latitudes, and sunward flow at lower latitudes. In all three 

examples the reversal occurs at about 75' INV, Reversals 

typically occur in the auroral zone between 70' and 80' INV 

and are not observed over the polar cap or at middle and low 

latitude, 

Figure 8 shows a striking example of reversals which 

occur at condugate ends of the same magnetic field lines, The 

polar diagrams represent opposite hemispheres J. hour (one-half 

orbit) apart. On the dawn side, in the northern hemisphere, 

a reversal occurs at %7b0 I N V .  In the opposite hemisphere, 

the reversal occurs at 70' IBV, again at %3.5 hours MLT, The 

convection velocities observed in association with this set 

of three reversals are among the lar est ever observed with 

Ingun 5 -  The electric fields (not shown) for these reversals 

I 
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several oscillations ith %20 second periods on the low- 

latitude side of each of the three reversals. 

side of Figure 8 another, smaller pair of con3ugate reversals 

may be seen at 7 5 O  INV and lL15.5 

Special mention should be made of the observation at 

1643 UT in Figure 8, Here, because the satellite rotates, 

only the north-south component of convection is being measured. 

Simultaneously, the magnitude of convection measured becomes 

equal to zero, and afterwards again becomes non-zero. Both 

before and after, the convection is determined to have east- 

ward components. This event is interpreted to mean that the 

true convection direction was eastward!, with no north-south 

component. One hour later (at 1730 UT) at the magnetically 

conjugate location, only the east-west component w a s  being 

measured, and large eastward convection is observed. 

Figure 9 depicts sn example of pairs of convection 

reversals occurring on both sides of the polar cap at about 

'75' INV, for three successive passes over the north polar cap. 

A large zone of convection appears to be directed across the 

center of the polar cap from -1O:OO towards s22:OO hours MLT 

in the top diagram. 

16:oo hours MLT Component of convection is being measured, 

At 1930 UT in the middle diagram the 04:OO- 

ield is measured, This does not rule out the 
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p o s s i b i l i t y  t h a t  c o n v e c t i o n  i n  t h e  1O:OO-22:OO d i r e c t i o n  p e r -  

s i s t e d  a t  1930  UT, Some of  t h e  v a r i a t i o n  i n  v e l o c i t y  m a g n i t u d e  

be tween p a s s e s  i n  F i g u r e  9 may be a s c r i b e d  t o  t h e  d i f f e r e n t  

o r i e n t a t i o n s  o f  t h e  s a t e l l i t e .  However, a c l o s e  e x a m i n a t i o n ,  

f o r  i n s t a n c e  of t h e  c o n v e c t i o n  zones  a t  1924 and 2121 UT, 

shows t h a t  i n  ' the 2 h o u r s  be tween p a s s e s  t h e  magn i tude  o f  t h e  

eastward c o n v e c t i o n  component changes  s i g n i f i c a n t l y ,  t h e  w i d t h  

o f  t h e  zone c h a n g e s ,  and  t h e  i n v a r i a n t  l a t i t u d e  o f  t h e  r e v e r s a l  

s h i f t s  by s e v e r a l  d e g r e e s .  Thus t h e  t i m e  s c a l e s  o f  t h e  phen- 

omena i n  t h i s  example a r e  s h o r t e r  t h a n  t h e  two h o u r s  be tween 

p a s s e s ,  a l t h o u g h  t h e  o v e r a l l  p a t t e r n  p e r s i s t s .  

The c o n v e c t i o n  shown i n  F i g u r e s  7 ,  8 ,  and 9 may be 

summarized as i l l u s t r a t i n g  t h e  p e r s i s t e n t  o c c u r r e n c e  o f  

r e v e r s a l s  i n  t h e  east-west d i r e c t i o n  o f  t h e  c o n v e c t i o n  i n  

t h e  a u r o r a l  zone .  I n  most of  t h e s e  c a s e s  t h e  p r i m a r y  convec-  

t i o n  p a t t e r n  i s  l i m i t e d  t o  a r e g i o n  s e v e r a l  d e g r e e s  i n  

l a t i t u d e  on e i t h e r  s i d e  o f  t h e  r e v e r s a l  w i t h  sunward con- 

v e c t i o n  g e n e r a l l y  o b s e r v e d  on t h e  low l a t i t u d e  s i d e  o f  t h e  

r e v e r s a l  and a n t i - s u n w a r d  c o n v e c t i o n  on t h e  h i g h  l a t i t u d e  

s i d e  of t h e  r e v e r s a l .  I n s u f f i c i e n t  d t a  have  been  examined 

-sunward c o n v e c t i o n  

d c o n v e c t i o n  zones  
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While  n o t  enough da t a  h a s  been  s t u d i e d  t o  d e t e r m i n e  

t h e  dependence  of  t h e  o c c u r r e n c e  o f  r e v e r s a l s  on m a g n e t i c  

a c t i v i t y ,  it is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  examples  o f  re -  

v e r s a l s  shown i n  F i g u r e s  6 ,  7 ,  8 ,  and 11 o c c u r r e d  when mag- 

n e t i c  a c t i v i t y  as measured  by K w a s  r e l a t i v e l y  q u i e t .  
P 

R e v e r s a l s  a r e  a b r u p t  b o u n d a r i e s  be tween o p p o s i t e l y -  

d i r e c t e d  e l e c t r i c  f i e l d  o r  c o n v e c t i o n  "zones" .  F i g u r e  1 0  

shows two o p p o s i t e l y - d i r e c t e d  e l e c t r i c  f i e l d  zones  s e p a r a t e d  

by a r e g i o n  of  z e r o  e l e c t r i c  f i e l d ,  r a t h e r  t h a n  by a s h a r p  

r e v e r s a l .  T h i s  p a s s  i s  a l s o  of  i n t e r e s t  b e c a u s e  t h e  s a t e l l i t e  

w a s  n o t  r o t a t i n g ,  and t h e  e l e c t r i c  a n t e n n a  a x i s  was p a r a l l e l  

t o  t h e  v e l o c i t y  v e c t o r g  a s  i l l u s t r a t e d  i n  F i g u r e  11. The 

o r i e n t a t i o n  is f o r t u n a t e l y  such  as t o  e x c l u d e  all shadow a n d  

boom e f f e c t s .  Under t h i s  ( r a t h e r  r a r e )  s e t  o f  c i r c u m s t a n c e s  

t h e  p o t e n t i a l  a c r o s s  t h e  p o l a r  c a p  may b e  i n t e g r a t e d  d f r e c t l y  

f rom t h e  e l e c t r i c  f i e l d :  

The potential, plotted i n  t h e  t o p  of  F i g u r e  1 0 ,  r e a c h e s  

4 4 , 0 0 0  v o l t s  i n  a b o u t  2500 k i l o m e t e r s .  The p o l a r  d i ag ram i n  

u r e  11 shows t h e  c o n v e c t i o n  v e l o c i t y  components  i m p l i e d  by 

c t r i c  f i e l d  zones, Only t h e  s u n  
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sunward c o n v e c t i o n  component i s  measu red ,  The a n t i - s u n w a r d  

f l o w  above  75' INV and sunward f l o w  be low 75' INV i s  c o n s i s -  

t e n t  w i t h  t h e  c o n v e c t i o n  d i r e c t i o n s  shown i n  F i g u  

and  9 .  

Not a l l  e l e c t r i c  f i e l d  r e v e r s a l s  o c c u r  on t i m e  s c a l e s  

o f  m i n u t e s .  F i g u r e  1 2  shows a r e v e r s a l  which c h a n g e s  f rom 

minimum t o  maximum (117 mV/meter) i n  8 s e c o n d s .  As t h e  

a x i s  a t  t h i s  t i m e  w a s  a l i g n e d  p a r a l l e l  t o  T S ,  t h e  p o t e n t i a l  

may a g a i n  b e  f o u n d  as i n d i c a t e d  by E q u a t i o n  (9). The t o p  o f  

F i g u r e  1 2  shows t h e  p o t e n t i a l  o b t a i n e d ,  which r e a c h e s  3600 

v o l t s  i n  l e s s  t h a n  1 0 0  km. 

B. - The P la smapause  Boundary 

vera1 p lasmapause  c r o s s i n r r s  have  been  i n v e s t i g a t e d  

t o  d e t e r m i n e  i f  any  change5  o c c u r  i n  t h e  p lasma c o n v e c t i o n  

v e l o c i t y  as t h e  s a t e l l i t e  c r o s s e s  t h e  p l a s m a p a u s e / l i g h t  i o n  

t r o u g h  boundary  [ C a r p e n t e r ,  1966 ;  T a y l o r  e t  al., 19691 ,  The 

p l a smapause  boundary  c a n  be  i d e n t i f i e d  i n  t h e  I n j u n  5 d a t a  

from (1) t h e  c h a r a c t e r i s t i c  " lower  h y b r i d  r e s o n a n c e  (LHR) 

breakup"  e f f e c t  commonly found i n  t h e  VLF e l e c t r i c  f i e l d  da ta  

a t  t h e  p l a smapause  boundary  [ C a r p e n t e r  al,, 19681, ( 2 )  t h e  

c h a r a c t e r i s t i c  i n c r e a s e  i n  t h e  s h e a t h  r e s i s t a n c e  a t  t h e  

p l a smapause  boundary  and  (3) t h e  change  i n  t h e  e l e c t r o n  d e n s i t y  

as measured  d i r e c t l y  by t h e  AFCRL e l e c t  on  d e n s i t y  measure-  

ment on Ingun 5 .  U n f o r t u n a t e l y ,  f o r  t h e  Ingun 5 o r b i t  t h e s e  

p lasmapaus  i n d i c a t o r s  a r e  not a1 ays p r e s e n t  so  t h a t  a u n i q u e  



identification of the plasmapause location is possible for 

only a small fraction of the available data, primarily at 

altitudes above 2000 km during local night, Because of these 

limitations only eight cases have been investigated at the 

present time for which the plasmapause location c 

clearly and unambiguously identified. Of these efght cases 

five have small (10-20 mV/meter), but clearly distinguishable 

perturbations in the residual electric field at the plasma- 

pause boundary, 

An illustration of one such plasmapause crossing is 

shown in Figure 13. In this case the plasmapause crossing, 

from the plasmasphere into the trough region, occurred at 

about 0806:15 f:15 UT, as shown by the increase in sheath 

resistance at this time. The DC electric field varies 

smoothly as the satellite crosses the plasmapause, with no 

evidence of the large amplitude electric field variations 

observed at higher latitudes. A small shift in the DC elec- 

tric field is evident, however, shortly after crossing the 

plasmapause boundary. In this case, the antenna axis is 

aligned north-south so  that the east-west component of the 

convection velocity is being detected. By extrapolating the 

x8 electric field into the trough region (dotted line in S 

Figure 13) the convection electric field in the region beyond 

the plasmapause boundary the convection electric field can be 

estimated to be about 15 mV/meter, This electric field 
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corresponds to a westward convection velocity of about 0.5 

km/sec on the high latitude side of the plasmapause boundary. 

All of the five plasmapause crossings observed with 

significant electric field effects at the boundary occurred 

in the local time range from 0 to 5 hours magnetic local 

time. The direction of the convection velocity component 

measured in these five cases was as follows: three cases west, 

one case north-west, and one case south. The magnitude of 

the change in electric field detected in all of these cases 

was small, 10 to 20 mV/meter, and close to the resolution 

limit of the instrument and the data. analysis technique used. 

Discussion. The possibility that these small pertur- 

bations in the DC electric field near the plasmapause boundary 

could be caused by a change in the sheath characteristics 

rather than a real electric field has been investigated in some 

detail. Two possibilities have been considered: (‘1) errors 

caused by the change in the sheath resistance, and (2) errors 

caused by an imbalance in the parameters affecting the sheath 

voltages of the two spheres, In none of the cases investiga- 

ted was the change in the sheath resistance large enough to 

produce the observed effect. The possible quantities which 

could contribute to an imbalance of the two sheath voltages 

can be seen from Equ tion (2). Because the electron thermal 

reatly exceeds the spacecraft velocity the terms 

Ue and Ie in Equ 2) are always the same for the two 
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spheres and cannot cause a difference in the sheath voltages. 

The ion ram current Ii9 which is directly proportional to the 

plasma density, changes considerably at the plasmapause. A R  

inequality of either of the termsp Ii or I 

could cause a change in the differential sheath voltage at 

the plasmapause, 

the altitude where these events ere observed, the effect of 

changing Ii is quite small, less than 3 mV/meter for almost 

any reasonable condition. Furthermore, in two of the plasma- 

in Equation (2) P 

However, since Ii is much less than I at 
P 

pause cases studied [Figure 13 of this paper and Figure 4 of 

Gurnett, 19'7'01 the spacecraft orientation was such that 

neither sunlight nor ram ion shadowing by the booms was possi- 

ble s o  that the sheath voltages should be identical for the 

two spheres. Since no other instrumental effect is known which 

could account for the observed potential changes, it is con- 

cluded that these plasmapause electric field effects a r e  due 

to a change in the plasma convection at the plasmapause boundary, 

C. High-latitude Electric Field Noise 

At invariant latitudes greater than 60° electric 

field "noise" is ~@arly always observed, This noise consists 

of rapid fluctuations of the ob erved electric field, with 

time scales lly less than 60 seconds and amplitudes up 

~ ~ ~ ~ ~ e ~ *  An example of' t h i s  type of electric field 

noise is illustrated in Figure 14. Some of the general 

characteristics of this electric field noise are summsrized 
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below: 

(1) T h e r e  is a n  a p p a r e n t  s e a s o n a l  e f f e c t ,  w i t h  

l a r g e r  n o i s e  a m p l i t u d e s  o c c u r r i n g  o v e r  t h e  

w i n t e r  p o l a r  r e g i o n ,  as e v i d e n t  i n  t h e  example 

shown i n  F i g u r e  1 4 .  

(2) The n o i s e  u s u a l l y  has a f a i r l y  w e l l - d e f i n e d  

l o w - l a t i t u d e  l i m i t  a t  a b o u t  5 8 O  t o  6 2 O  

i n v a r i a n t  l a t i t u d e  e When t h e  a m p l i t u d e  o f  t h e  

n o i s e  i s  v e r y  low, however ,  t h e  n o i s e  may n o t  

b e  o b s e r v a b l e  be low a b o u t  70' i n v a r i a n t  l a t i t u d e ,  

( 3 )  When t h e  n o i s e  a m p l i t u d e s  a r e  v e r y  low, t h e  

i n v a r i a n t  l a t i t u d e  a t  which  t h e  f l u c t u a t i o n s  a r e  

l a r g e s t  i s  n e a r l y  a lways  a t  a b o u t  70 t o  75' i n -  

v a r i a n t  l a t i t u d e ,  i n  t h e  a u r o r a l  zone .  

( 4 )  The a m p l i t u d e  o f  t h e  n o i s e  i s  s t r o n g l y  d e p e n d e n t  

on a l t i t u d e  w i t h  l a r g e r  n o i s e  l e v e l s  o b s e r v e d  

a t  h i g h e r  a l t i t u d e s .  

( 5 )  The a m p l i t u d e  o f  t h e  n o i s e  i s  a l s o  r e l a t e d  t o  

t h e  s h e a t h  r e s i s t a n c e ,  t o  t h e  e x t e n t  t h a t  when 

R s < 1 0  

and  a r e  more t y p i c a l l y  1 0  mV/meter i n  a m p l i t u d e ,  

whereas  when R s > 1 0  

may exceed  1 5 0  mV/meter, b u t  a r e  more t y p i c a l l y  

a b o u t  30 mV/meter i n  a m p l i t u d e .  

6 ohms, f l u c t u a t i o n s  r a r e l y  exceed  50 mV/meter, 

6 ohms, t h e  n o i s e  a m p l i t u d e s  
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(6) The noise amplitude is also related to the 

electron density in that the large noise levels 

are generally observed in regions of low electron 

density. 

Because of the interdependence of the electron density, 

sheath resistance, season, satellite position, and possibly 

other factors, it is difficult to determine which factors 

are most significant in controlling the noise amplitude. 

Since spacecraft wake effects also occur at high latitudes 

and high sheath resistances, large electric field fluctua- 

tions are usually observed superimposed on the sphere potential 

perturbations due to the spacecraft wake. The noise does not, 

however, appear to be related to the spacecraft wake effect 

because the noise is present with essentially the same ampli- 

tude both when the sphere is inside and when it is outside 

the wake region, An initial comparison of noise amplitudes 

during two magnetically disturbed and two magnetically quiet 

times in January, 1969, reveals no significant correlation 

with magnetic activity. 

Discussion. The DC electric field noise may well be 

due to magnetospheric convection; possibly small-scale eddies 

or turbulence. If s o ,  then the altitude dependence of the 

noise amplitude provides evidence for DC electric fields 

,parallel to the geomagnetic field. Because the noise ampli- 

tudes are typically 30 mV/meter, or more, at apogee, but 
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a r e  u s u a l 1  n e g l i g i b l e  by  compar i son  a t  p e r i g e e  o v e r  t h e  same 

t h e n  t h e r e  must  be a p o t e n t i a l  d r o p  on t h e  o r d e r  of  

30 mV/meter x ( t y p i c a l  s c a l e  l e n g t h  2 30 km) = 900 v o l t s  

be tween apogee  (2528  km) and  p e r i g e e  (677 km). A l o w e r  

l i m i t  on t h e  c o r r e s p o n d i n g  p a r a l l e l  e l e c t r i c  f i e l d  would 

t h e r e f o r e  b e  a b o u t  0,5 mV/meter. 

It  i s ,  however ,  a l s o  p o s s i b l e  t h a t  t h i s  " e l e c t r i c "  

f i e l d  n o i s e  may b e  due  t o  u n b a l a n c e d  v a r i a t i o n s  o f  t h e  

s h e a t h  p o t e n t i a l  o r  t o  some o t h e r  unknown i n t e r a c t i o n  be tween 

t h e  s p a c e c r a f t  and  t h e  s u r r o u n d i n g  medium. Unbalanced  f l u c -  

t u a t i o n s  i n  t h e  s h e a t h  p o t e n t i a l s  c o u l d  be c a u s e d  b y  s p a t i a l  

v a r i a t i o n s  i n  t h e  p lasma p a r a m e t e r s  ( p r i m a r i l y  e l e c t r o n  d e n s i t y  

and t e m p e r a t u r e )  i f  a s u i t a b l e  b i a s  asymmetry e x i s t s  f o r  

t h e  two s p h e r e s ,  The most  l i k e l y  p a r a m e t e r  which c o u l d  

c a u s e  t h e s e  p o t e n t i a l  v a r i a t i o n s  i s  b e l i e v e d  t o  b e  t h e  

e l e c t r o n  t e m p e r a t u r e ,  s i n c e  t h e  s h e a t h  p o t e n t i a l  [ E q u a t i o n  ( 2 ) 1  

i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  e l e c t r o n  t e m p e r a t u r e  whereas 

t h e  e l e c t r o n  d e n s i t y  e n t e r s  o n l y  i n  t h e  l o g a r i t h m i c  t e r m ,  

Al though  u n b a l a n c e d  f l u c t u a t i o n s  i n  t h e  s h e a t h  p o t e n -  

t i a l s  may p r o v i d e  a p o s s i b l e  q u a l i t a t i v e  e x p l a n a t i o n  o f  t h e  

h i g h - l a t i t u d e  e l e c t r i c  f i e l d  n o i s e ,  a n  i n i t i a l  i n v e s t i g a t i o n  

d o e s  n o t  i n d i c a t e  t h a t  t h i s  p r o c e s s  i s  o c c u r r i n g .  I n  

p a r t i c u l a r ,  ( 1 )  a d e t a i l e d  compar i son  of  t h e  e l e c t r i c  f i e l d  

n o i s e  w i t h  d a t a  f om t h e  A F C R L  e x p e r i m e n t  on Pnjun 5 ,  which 

m e a s u r e s  a q u a n t i t y  p r o p o r t i o n a l  t o  N,- r e v e a l s  no 
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s i g n i f i c a n t  c o r r e l a t i o n ,  and (2) a compar i son  o f  t h e  e l e c t r i c  

f i e l d  n o i s e  f l u c t u a t i o n s  w i t h  s h e a t h  r e s i s t a n c e  v a r i a t i o n s  

(Rs i n  E q u a t i o n  (1) i s  p r o p o r t i o n a l  t o  T e 9  b u t  i s  measured  

o n l y  e v e r y  30 s e c o n d s )  a l s o  r e v e a l s  no c o n s i s t e n t  c o r r e l a -  

t i o n  o n  t h e  t i m e  s c a l e  b e i n g  c o n s i d e r e d .  A t  t h i s  t i m e  it has 

n o t ,  t h e r e f o r e ,  b e e n  p o s s i b l e  t o  i d e n t i f y  t h i s  h i g h - l a t i t u d e  

e l e c t r i c  f i e l d  n o i s e  w i t h  any  known s h e a t h  e f f e c t  o r  i n t e r -  

a c t i o n  o f  t h e  s p a c e c r a f t  w i t h  t h e  s u r r o u n d i n g  medium. 
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VI, CONCLUSIONS 

A. Summary of Observations 
Electric field reversals are the most significant 

convection electric field effect identified in the InJun 5 

DC electric field data. Electric field reversals consis- 

tently OCCUF on both the dawn and dusk sides of the polar cap 

at about 70° to 80° invariant latitude, and have been identi- 

fied at magnetically conjugate points in both hemispheres. 

Amplitudes of 30 mV/meter, and occasionally greater than 

100 mV/meter, occur frequently. The detailed location and 

form of the reversal often changes markedly on time scales 

less than 2 hours. Generally the plasma convection velocities 

associated with reversals on the dawn-dusk meridian are anti- 

sunward at higher Latitudes and sunward at lower latitudes, 

but cases of convection directions opposite to this do occur, 

Over the polar region above the auroral zone the convection 

velocity is usually small compared to the convection velocities 

in the region ~f the reversal. 

in the DC electric Pi 

to 20 mV/meter, sometimes occur at the plasmapause/light ion 

trough boundary. For  the cases investigated, all of which 

were at magnetic local times from 0 to 5 hours, the convection 
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o b s e r v e d  g e n e r a l l y  h a s  a wes tward  component on t h e  h i g h -  

l a t i t u d e  s i d e  o f  t h e  p l a smapause  b o u n d a r y ,  r e l a t i v e  t o  a 

c o o r d i n a t e  s y s t e m  c o - r o t a t i n g  w i t h  t h e  e a r t h ,  

N o i s e - l i k e  e l e c t r i c  f i e l d  f l u c t u a t i o n s  w i t h  t i m e  

s c a l e s  l e s s  t h a n  60 s e c o n d s  and  a m p l i t u d e s  o f  1 0  mV/meter 

o r  g r e a t e r  a r e  u s u a l l y  o b s e r v e d  a t  h i g h  l a t i t u d e s .  The low- 

l a t i t u d e  boundary  o f  t h i s  n o i s e  i s  t y p i c a l l y  a t  a b o u t  60° 

i n v a r i a n t  l a t i t u d e .  The a m p l i t u d e  o f  t h i s  n o i s e  i n c r e a s e s  

s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  a l t i t u d e  and  i s  l a r g e s t  a t  h i g h  

a l t i t u d e s  o v e r  t h e  w i n t e r  h e m i s p h e r e .  T h i s  a l t i t u d e  depen-  

dence  i m p l i e s  t h e  p r e s e n c e  of  s i g n i f i c a n t  e l e c t r i c  f i e l d s  

p a r a l l e l  t o  t h e  geomagne t i c  f i e l d .  However, some p o s s i b i l i t y  

e x i s t s  t h a t  t h e s e  n o i s e - l i k e  e l e c t r i c  f i e l d  f l u c t u a t i o n s  

may n o t  be due  t o  r e a l  m a g n e t o s p h e r i c  e l e c t r i c  f i e l d s ,  b u t  

may be c a u s e d  by u n b a l a n c e d  v a r i a t i o n s  i n  t h e  s h e a t h  p o t e n -  

t i a l  o r  some o t h e r  y e t  unknown i n t e r a c t i o n  be tween t h e  s p a c e -  

c r a f t  and t h e  s u r r o u n d i n g  medium, 

B e  Comparison w i t h  - Batium Cloud Measurements  

Hsierendel and  L s t  [1970] summarize r e c e n t  r e s u l t s  o f  

measuremente  o f  pla m a  c o n v e c t i o n  by t h e  b r i u m  c l o u d  d r i f t  

t e c h n i q u e ,  The r e q u i r e m e n t  of t w i l i g h t  c o n d i t i o n s  r e s t  

ba r ium c l o u d  measurements  t o  t h e  m i d n i g h t  s e c t o r  and  i n v a r i a n t  

l a t i t u d e s  g e n e r a l l y  be low 7 0 ' .  However, a t  l o c a l  t i m e s  n e a r e r  

r d  d r i f t s  are o b s e r v e d ,  and  n e a r  d u s k ,  wes t  



4 5  

ifts, These directions are entirely consistent 

rd" convection reported in this paper at dawn and dusk ( 1  

at comparable latitudes. Several cases of clouds reversing 

their drift directions have been eported. Furthermore, the 

nftudes of convection velocities we observe are consistent 

ith, for instance, those quoted by Wescott et [1969], 

who report intensities of 10 - 130 mV/meter. These authors 

also report that large irregularities in the electric 

field exist most of the time, 

C, - With Moaeis 

Dungey [19611 suggested that the solar magnetic field 

could merge with the earth's magnetic field in an "opea" 

magnetospheric model, Field lines merged at the bow of the 

magnetosphere uld be pulled across the polar caps by the 

s o l a r  w i n d  and ould reconnect on the e rth's night side, 

Consequently there would be a return f l o w  of 

to the sunward side of the earth er latitudes. As 

ed particles ould remain attached ('*frozen") to field 

lines except near reconnection re ions9 bulk motion, OF 

convection, of the magnetosphere would result, The measure- 

ments presented he e of BC electric fields 

convection, indie t e  that the anti 

Lion f l o w  &cross the polar caps suggested by Dungey is not 
a1 feature of the magnetosphere. Figures 9 and 11 

ti such a convective flo Elionally occur, 
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re lass th %a would be e p e c t e a  f rom 

g e o m e t r i c a l  r e d u c t i o n  o f  the solar wind v e l o c i t  t o  s a t e l l i t e  

a l t i t u d e s ,  

t o s p h e r i c  model 

more e x p l i c i t l y  s u g g e s t e d  c o n v e c t i o n  a c  o s 8  t h e  polar cap 

u r o r a l  zone, b u t  u 

ind at the mag 

boundary  a s  t h e  p r i n c i p a l  d r i v i n  c e ,  To t h e  e x t e n t  t h a t  

n e - p o l a r  f%ow was c o n e c  

l a t i t u d e s ,  t h e  ob atioas pres n t e a  herein re c o n s i s t e n t  

with the Axford  i n e s  moaei, H O W ~ Y ~ ~ ,  e do n o t  observe 

o n v e c t i o n  d i r e c t l y  a c r o s s  the p o l a r  c a p  t o  be 

netOSpheriC C O n V e c t i Q n ~  

twampa coanvection o b s e r v e d  j u s t  

unda ry  i s  c o n s i s t e n t  i n  magn i tude  

t h e  i n t e r p r  on  t h a t  th 

of  t h e  p l a  

earth. ) 

e c t r i c  fie1 

n a t i c  substorm phcnomene 
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1 zone r e t u r n  p a t h s ,  pappear in t h e  

storm e q u i v a l e n t  c u r r e n t  systems d e r i v e d  by Mishid  

Heppner [ 1969 a 9 cott et &a-., [1969%, and o t h e r s I  on t h e  

basis of g round  n e t o m e t e r  me surexnentsa  These c u r r e n t s  

re assumed t o  be C B ~ C  ntrated in t h e  iOnQsphePe, The p r i n -  

I point of a i e a  reemen t  of" our o b s e r v a t i o  

p a t t e r n  is a sin t h a t  we o b s e r v e  t h e  anti-solar c o n v e c t i o n  

g e n e r a l l y  t o  b e  concentrated i n  t h e  a u r o r a l  zone, lr 

o u t  a c r o s s  t h e  p o l a r  c a p .  However, a s  we do 

(cf, Figures 9 and 11) s e e  t r a n s - p o l a r  flow 

and s i n c e  the substorrn c u r  

nsitory f e a t u r e  o f  t h e  ianssph 

r e g e c t  t h e  p o s s i b i l i t y  of  its v a l i d i t y ,  

A competfn t h e o r y  o f  m a g n e t i c  s u b s t o r m s  u t i l i z e s  a 

3 - d i m e n s i o n a l  c u r r e n t  system with f i e l d  aligned c u r r e n t s  

[BostrLSm, 1967; Bonnevier, go,  1970, Akasofu a n d  M e w ,  

19691, A c u r  e n t  i s  assumed t o  flow t h r o u g h  t h e  i o n o s p h e r e  

( a u r o r a l  e l e c t r o j e t )  f rom dawn Lo  d u s k ,  thew ou tward  a l o n g  

a dusk m a g n e t i c  f i e l d  l i n e ,  T h e r e  t h e  r i n g  c u r r e n t ,  which 

d r i v e s  t h e  s stem, c o n n e c t s  dusk t o  d a  here t h e  c u r r e n t  

a f i e l d  l - P w e ,  The e f f e c t s  o f  such f i e l d -  

r e n t s  in t h e  ionosphere have been  i n v e s t i g a t e d  

theoretically by Block  and F mmar [19681, l e a d i n g  to a 

t h e o r y  of s p a c e - c h a r g e  regions above a u r o r a e  [ C a r l q v f s t  send 
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c o n t a i n i n g  a n o r t h - s o u t h  e l e c t r i c  f i e l d  which r e v e r s e s  i n  t h e  

c e n t e r  of  t h e  s l a b ,  The f i e l d s  w i l l  p o i n t  t o w a r d s  t h e  c e n t e r  

if t h e  f i e l d - a l i g n e d  c u r r e n t  i s  upwards ,  and  away f rom t h e  

s l a b  c e n t e r  if t h e  f i e l d  a l i g n e d  c u r r e n t  i s  downwards,  
+ 3  

The e l e c t r i c  f i e l d s  a r e  t h e n  presumed t o  c a u s e  ExB/B2 d r i f t s .  

i t h  t h e  c u r r e n t  s y s t e m  p o s t u l a t e d ,  t h e s e  d r i f t s  w i l l  be  

sunwards  a t  l a t i t u d e s  be low t h e  a u r o r a  and  a n t i - s u n w a r d  a t  

h i g h e r  l a t i t u d e s .  These  f i e l d s  and  d r i f t s  a r e  e n t i r e l y  

c o n s i s t e n t  w i t h  o u r  o b s e r v a t i o n s  o f  t h e  p redominan t  d i r e c t i o n s  

o f  r e v e r s a l s ,  C a r l q v i s t  and  Bostrijm p r e d i c t  p o t e n t i a l s  a t  

t h e  c e n t e r  o f  t h e  s l abs  of  103-105 v o l t s ,  and  t h i s  i s  c o n s i s -  

t e n t  w i t h  t h e  3600 volt and 44 ,000  v o l t  examples  shown i n  

3 F i g u r e s  1 0  and  12, If one  assumes  s l a b  w i d t h s  o f  102-10 

k i l o m e t e r s ,  t h e  r a n g e  o f  c o n v e c t i o n  v e l o c i t i e s  p r e d i c t e d  

a l s o  encompasses  t h e  r a n g e  o f  v e l o c i t i e s  o b s e r v e d .  
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FIGURE C A P T I O N S  

F i g u r e  1 V i e w s  o f  t h e  I n j u n  5 s a t e l l i t e  showing t h e  e l e c t r i c  

a n t e n n a s  and t h e i r  o r i e n t a t i o n  a f t e r  s p a c e c r a f t  

a l i g n m e n t  w i t h  t h e  l o c a l  geomagne t i c  f i e l d ,  

F i g u r e  2 Top: Schemat i c  i l l u s t r a t i o n  o f  t h e  p lasma s h e a t h  

a r o u n d  t h e  s p a c e c r a f t  and  e l e c t r i c  p r o b e s .  Bottom: 

E q u i v a l e n t  c i r c u i t  o f  t h e  probe-p lasma s y s t e m .  

v+-v - 
F i g u r e  3 E l e c t r i c  f i e l d  E = - measured  f o r  one  f-all 

o r b i t  o f  t h e  I n j u n  5 s p a c e c r a f t ,  compared w i t h  

c a l c u l a t e d  v a l u e s  o f  16 
r e s i s t a n c e  o f  t h e  p lasma s h e a t h  a r o u n d  t h e  a n t e n n a s  

V a r i a t i o n s  i n  t h e  
S 

a r e  shown be low,  

F i g u r e  4 S p a c e c r a f t  wake e f f e c t s  o b s e r v e d  on 3 s u c c e s s i v e  

h i g h - a l t i t u d e  p a s s e s  o v e r  t h e  n o r t h e r n  hemisphe re  

i n  J a n u a r y ,  1969 .  

F i g u r e  5 .  Example o f  a sudden  r e v e r s a l  i n  t h e  c o n v e c t i o n  

e l e c t r i c  f i e l d .  EM i s  t h e  measured  e l e c t r i c  f i e l d ;  

i s  t h e  S e d s &  e l e c t r i c  f i e l d ;  and  ER=EM-Es i s  
ES 

assumed t o  be t h e  c o n v e c t i o n  e l e c t r i c  f i e l d .  Antenna  

i e n t a t i o n  a n g l e s  a n d  ss c e  ( s e e  t e x t )  

are u s e d  t o  verify t h a t  t h e  reversal is n o t  a n  i n s t r u -  

m e n t a l  aff 
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Figure 6 Convection velocity components inferred from 

= E,x%/B2 for the electric field reversal 
3 -+ 

vC 

shown in Figure 5. The a represents o the 

convection velocity component sensed and does not 

represent the vector direction ~ f "  the convection 

velocity since only one component is measured, 

Figure 7 Convection velocity reversals infer 

electric field measurements on three different 

days of January, 1969. The reversals occur at 

dawn and all have sunward (anti-sunward) components 

on the low (high) latitude side of the reversal. 

Figure 8 Convection velocity reversals observed to occur 

on conjugate ends of the same geomagnetic field 

lines, one hour apart, The five reversals shown, 

three at 3:OO MLT and t w o  at 15:OO MLT, all possess 

sunward (anti-sunw rd) convection components on the 

l o w  (high) latitude sides of the reversals. 

9 Pairs 0 onvection veloci%y re 

at dawn and dusk MLT on three successfve passes 

over the northern polar cap. The existence of 

a temporary anti-sunward convection zone across 

the polerr cap is suggested by the data on the 

top figure, 
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e LO E l e c t  f c  f i e l d  measured  p a r a l l e l .  to t h e  s a t e l l i t e  

p a t h  f o r  a s o u t h e r n  p o l  r c a p  p a s s  a t  l o w  a l t i t u d e .  

The p o t e n t i a l  4 = - 
2500 k i l o m e t e r s ,  

E-dg  r e a c h e s  44 ,000  v o l t s  i n  I' 
F i g u r e  11 Convec t fon  v e l o c i t y  compdnents  c o r r e s p o n d i n a  Lo 

t h e  e l e c t r i c  f i e l d s  shown i n  F i g u r e  1 0 .  The 

s p a c e c r a f t  o r i e n t a t i o n ,  as shown, i s  s u c h  t h a t  

o n l y  t h e  1:00-13:00 MLT component i s  measu red ,  

s i n c e  t h e  s a t e l l i t e  w a s  n o t  r o t a t i n g  f o r  t h i s  

p a s s ,  S u n l i g h t  shadows o f  t h e  s p a c e c r a f t  body 

o r  booms on  t h e  s p h e r e s  c a n n o t  o c c u r  f o r  t h i s  

o r i e n t  a t  i o n  e 

F i g u r e  1 2  Example o f  a v e r y  r a p i d  r e v e r s a l  i n  t h e  n o r t h -  

s o u t h  e l e c t r i c  f i e l d ,  The p o t e n t i a l  I$ = - sad; 

r e a c h e s  3600 v o l t s  i n  l e s s  t h a n  L O O  k i l o m e t e r s ,  
i 

F i g u r e  1 3  Example o f  a small e l e c t r i c  f i e l d  change  o b s e r v e d  

n e a r  t h e  p l a s m a p a u s e / l i g h t  i o n  t r o u g h  boundary .  

F i g u r e  14 Example o f  e l e c t r i c  i e l d  n o i s e  o b s e r v e d  a c r o s s  

t h e  p o l a r  c a p s  f o r  a f u l l  o r b i t  d u r i n g  J a n u a r y ,  

1969 .  The n o i s e  a m p l i t u d e s  a r e  l a r g e s t  o v e r  t h e  

w i n t e r  p o l e  and  a t  h i g h  a l t i t u d e s  where t h e  s h e a t h  

r e s i s t a n c e s  a r e  a l s o  l a r g e ,  
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